Abstract -Seed filling depends not only on the instantaneous supply of C and N, but also on their remobilisation from vegetative organs. C supply during seed filling depends mostly on current photosynthesis, but N assimilation and N 2 fixation decline during seed filling, with newly acquired N generally insufficient for the high seed demand. As seeds are strong sinks for mobilised nutrients, seed growth becomes metabolically closely associated with N remobilisation. N remobilisation from vegetative tissues to filling seeds interacts with photosynthesis since it induces senescence, which reduces the seed filling period. Hence improved grain legume seed filling requires either reduced dependency on N remobilisation or enhanced N supply. This latter might be obtained either by prolonging the activity of symbiotic fixation, increasing the potential for root assimilation of soil mineral N or optimising complementarity between both N acquisition pathways, which does not affect the quantity and the quality of the seed reserves. symbiotic fixation / N assimilation / remobilisation / seed filling / senescence Résumé -Remplissage des graines de légumineuses en relation avec la nutrition azotée : revue et prospective avec en référen-ce le pois protéagineux. Le remplissage des graines dépend non seulement de l'offre instantanée en C et en N mais aussi des remobilisations à partir des organes végétatifs. Durant le remplissage des graines l'offre en C repose principalement sur la photosynthèse, l'assimilation d'azote minéral du sol et la fixation symbiotique diminuant durant cette période. L'azote exogène récemment accumulé étant alors insuffisant pour satisfaire les besoins élevés des graines, leur vitesse de croissance devient alors associée métaboliquement aux remobilisations d'azote. Ces remobilisations d'azote interagissent avec la photosynthèse, induisent la sénescence, ce qui réduit la durée de remplissage des graines. L'amélioration du remplissage des graines de légumineuses repose, soit sur une dépendance réduite envers les remobilisations d'N, soit sur une fourniture d'azote exogène accrue. Cette dernière peut être obtenue, soit en prolongeant l'activité de la fixation symbiotique, soit en augmentant le potentiel pour l'assimilation racinaire de l'azote minéral du sol ou encore en optimisant la complémentarité entre les deux modes de prélèvement d'azote, ce qui n'affecte pas la quantité ou la qualité des réserves des graines. 
INTRODUCTION
The mechanisms involved in determining yield and quality of leguminous crops require further study for improving crop management or increasing and stabilising yield components. For pea, nitrogen (N) content and amount of reserve proteins remain highly variable with all aspects of N flux from N acquisition to its partitioning within seeds needing detailed evaluation.
In order to analyse how N accumulation occurs in legume seeds we need to consider (i) C and N acquisition by the crop, including root assimilation of soil mineral N and symbiotic nitrogen (N 2 ) fixation, (ii) N partitioning among the organs of the plant and its effect on potentially re-mobilisable N for seed fill, the rate of N transfer and the potential for overall seed N, (iii) the influence of environmental factors on N 2 fixation and mineral N assimilation, and their interactions at the end of the seed filling period.
In this paper we briefly review, using earlier published results, the current knowledge concerning N flux at the level of the plant and crop, considering both the characterisation of C and N supply during seed filling and the relationship between the rate of N accumulation in seeds and N availability. Using data from a recently conducted field experiment, we suggest some prospects that might be useful in order to enhance grain legume seed filling, in relation to N nutrition, of leguminous crops, especially pea.
MATERIALS AND METHODS

Site
The field experiment was conducted in 1997 at the INRA experimental field station 30 km south of Dijon (France) on a clayey calcic brown soil (clayey eutric Cambisol). At sowing, the soil contained about 30 kg/ha NO 3 -+ NH 4 + . Adequate P, K and Mg fertilisation was performed (P 2 O 5 , K 2 O and MgO supplied as 104, 104 and 49 kg/ha resp.) during the autumn that preceded the experiment. Irrigation was provided on two occasions to avoid drought stress. Rhizobium leguminosarum was naturally present in the soil, so no inoculation was needed.
Treatment and experimental design
In order to vary the mode of N accumulation by the plants, nodulated peas (cv. Frisson) either relying exclusively on symbiotic fixation (treatment Frisson-0) or provided with a dose of 250 kg⋅ha -1 mineral N (treatment Frisson-250) were used. A nitrate-tolerant hypernodulating mutant of Frisson (P90), which carries a mutation at the level of the sym 29 gene [58] allowed us to test for an enhanced potential of symbiotic fixation through an increased number of established nodules. A non-nodulating mutant of Frisson (P2) supplied with similar amounts of N fertiliser [16] was used as the reference plant for the measure of the contribution of symbiotic N fixation to overall N acquisition by the crops ( 15 N isotope dilution technique). Peas were sown in March 15th 1997, at a density of 80 per m 2 , in a randomised split-plot design with crops as main plots, N treatments as sub-plots and with four replications. Each plot had 6 rows of plants spaced 0.2 m apart. Border plots of peas sown at the same density surrounded the experimental plots.
The 15 N isotope dilution technique with a low-level- 15 N enrichment of the soil was used to estimate symbiotic N fixation [16] . Soil was enriched with 5 kg⋅ha -1 of 15 N labelled ammonium nitrate dissolved in water and sprayed at a rate of 300 L⋅ha -1 [16] .
Sampling procedures and measurements
The aerial parts of the plants were harvested at 2 day intervals, with the inner 4 rows being collected in 1 m lengths (which represented 0.8 m 2 plots). Dry matter was determined after oven drying at 80°C for 48 hours. Nitrogen content was determined by the Dumas procedure using a CHN analyser (Carlo Erba); isotopic analysis was performed with a single inlet double collector mass spectrometer (Fisons instruments) operating in line with a CHN analyser (Carlo Erba).
Calculation of symbiotic nitrogen fixation
The percentage of N derived from symbiotic fixation was calculated using as control plants non-nodulating mutants of Frisson (P2).
The percentage of N that was derived from fixation (% Ndfa) was calculated using the isotope dilution principle [1, 2, 40, 41] . % Ndfa = 100 ⋅ ( δ 15 N legume -δ 15 N reference plant) / (εfix -δ 15 N reference plant)
where εfix (-1 for pea) is the isotopic enrichment factor associated with N 2 fixation processes [40, 41] .
Calculations and statistical analysis
Analysis of variance was performed with the GLM procedure of SAS and means where classified using the least significant difference test (LSD) at the 0.05 probability level [61].
RESULTS AND DISCUSSION
3.1. Accumulation of carbon and nitrogen by filling seeds 3.1.1. Characterisation of carbon and N supply during seed filling
Carbon supply to filling seeds
During seed filling, carbon transfer from vegetative organs to pods and seeds principally involves recently photosynthesised carbon [82] . Respiration of older, fully expanded leaves increases strongly during senescence and some structural carbon may be mobilised towards the meristems for use in biosynthesis. However this represents a negligible amount leaving mainly the current photosynthesis to feed growing seeds [82] .
Nitrogen supply
Nitrogen accumulation by the seeds during seed filling depends upon the external N supply (N retrieval from the soil and symbiotic fixation of atmospheric N 2 ) which generally cannot sustain the high N demand of developing seeds [31, 35, 51] . Hence, seed growth throughout the plant involves N remobilisation [51, 68] . All organs undergo N remobilisation but the efficiency with which it can be transferred to growing seeds and the rate of remobilisation may vary according to the organ and the regime of N nutrition.
Nitrogen remobilisation from vegetative organs
Compartment: Seeds may be filled, according to the node position, either by N coming from exogenous N and N-remobilisation from vegetative parts or simply by the remobilised N: this latter being most of the time the main N source for upper nodes' seeds [5] . Leaves and stems contribute the most to N supply of the seeds [53] while N from pods [51, 53] constitutes a temporary N reserve for seed filling [50] . Roots are probably much less involved [51, 53] as they represent a low proportion of the total plant biomass and they have to be integrally maintained throughout the growth cycle for mechanical support and nutrient uptake. Moreover there may be some rhizodeposition of N from roots to the soil instead of its re-export through xylem.
Quantity of N-potential remobilisation: Remobilised N from the vegetative organs to seeds comes principally from N which has already been accumulated during the vegetative period [83] . Part of this N accumulates in structural compounds of leaves, which is not very accessible for remobilisation [11] . The low N content of the vegetative organs that is observed when premature end of seed filling occurs demonstrates that remaining N which has not been remobilised is effectively associated with structures [42] . Non-remobilisable N can be considered as a constant proportion of the vegetative biomass [42] . Therefore, the quantity of remobilisable N of vegetative tissues is calculated as the difference between the total N and the non-remobilisable N determined at harvest [17, 42] . In the case of pea, vegetative growth has ceased by the start of seed filling and the amount of nonremobilisable N can be considered constant. In addition, pea leaves are not abscised [3] and the calculations are then simplified as compared with soybean where the fall of leaves can constitute a substantial loss of N.
Protein sources and mechanisms of remobilisation:
Most of the redistributed N comes from enzymatic degradation of proteins and metabolic inter-conversion of the products of this catabolism. Rubisco represents 30 to 60% of soluble proteins: hence it is a high source of potential available N (besides its role in C acquisition). Vegetative soluble proteins, which are stored in leaves, stems or roots, may also represent a substantial supply of N. Proteolysis plays a crucial role in the process of N redistribution in the plant. Although the sites of action of proteases are well known, both the specificity of these enzymes for a particular substrate and the catabolic pathways involved (in particular for Rubisco) are unknown [9, 27] . Remobilisable N does not seem to be available immediately after all the seeds have begun to fill and there is a lag observed before the maximum N remobilisation rate occurs [34] . This timing may correspond to the increase of proteolytic enzymes' activity in the vegetative plant tissues during reproductive development.
Prospects for a better knowledge of N remobilisation:
There is now a need for extensive studies on N remobilisation that take into account environmental variables (i.e. temperature, soil water status...) in order to precisely determine the extent and the sequence of N remobilisation from the various organs. More than environmental parameters the genetic variability associated with N remobilisation [5, 64] also has to be explored in order to highlight the underlying physiological mechanisms; such a variability may be associated with architectural characteristics.
In the field N remobilisation patterns have been derived from biomass and percent N variations of the plant organs. However, using such data, precise N remobilisation patterns to filling seed cannot be obtained as the plant organs continue to invest exogenous N which cannot be measured in the N budgets. To study N remobilisation precisely, the use of 15 N-labelled fertiliser allows discrimination between exogenous N supply and N retrieved from the vegetative parts. Studies involving 15 N have been conducted on pea genotypes after labelling during the vegetative stage and they demonstrate that the various patterns of remobilisation indeed arose from differential N investment according to the plant nodes [5] . The labour-intensive use of several labelling experiments over the growth cycle gives a precise quantification and a better understanding of the various N sources during seed filling [21] .
Nowadays the physiological mechanisms involved in N remobilisation processes [9] and genetic variability remain under study and should receive much more attention.
External N supply during seed filling
A pea crop can continue to accumulate N late into the growth cycle, although the amount of N being incorporated varies greatly according to environmental conditions [7, 31] . For most leguminous plants, symbiotic fixation decreases sharply after flowering [28, 35, 69, 74] . Although less sensitive to environmental factors than symbiotic fixation, mineral N assimilation also declines during seed filling. However under optimum, wellwatered conditions symbiotic fixation can nonetheless continue to supply N during seed filling [8, 74] . Roots can also retrieve a substantial amount of soil mineral N if it is available.
Estimation of the amount of external N supply for filling seeds:
During the growth of a crop its N content diminishes as N is being progressively diluted in the biomass [36] . The variation in N concentration as a function of the dry matter accumulation has led to the concept of the N critical curve [36] , which is defined as the minimum N concentration in dry matter required for the maximal growth of the crop. It is determined specifically for different crops.
For pea, a N critical curve has been established [47] and the N concentration of the whole plant appears to be constant after seeds start to fill ( Fig. 1 ), hence N accumulation thereafter becomes proportional to dry matter accumulation.
As such, provided the N concentration of the shoots is measured at the start of seed filling, the measurement of dry matter accumulation during seed filling allows determination of the external N supply to the crop. Although quite accurate, this relationship is rather empirical and knowledge of the mechanisms of N accumulation needs to be extended.
Relationship between the rate of N accumulation in seeds and N availability
During seed filling, N being accumulated is devoted predominantly to seeds, although there are temporary transfers to the vegetative organs [50] . During this period symbiotically fixed N seems to be preferentially transferred to growing seeds while mineral N is equally distributed between seeds and mature vegetative organs [80] . Fixed N could be reserved in a particular pool of storage compounds [71] before feeding the developing seeds.
N accumulation rate in filling seeds is slightly variable throughout the seed filling period [38] and may decline, for example, in response to deficient N nutrition [29] . There seems to be no variable compartmentation of N within the plant and during some periods all seeds have the same rate of N accumulation [38] .
A relationship between the rate of N accumulation by seeds and N availability (remobilisable and externally supplied) has been recently established [39] . This relationship ( Fig. 2) shows that the rate of N accumulation by filling seeds increases with N availability up to a maximum value. N content and acquisition are however variable between genotypes during seed filling and this results in a variable rate of N accumulation by seeds.
Using the relation linking the rate of N accumulation by seeds and N availability (Fig. 2) , a model simulating N partitioning to filling seeds has been constructed in order to predict the N content of seeds from the different nodes at harvest and simulate the change in N content of the vegetative organs from the start of seed filling to harvest [37] . The end of seed filling is often due to vegetative organs reaching the non-remobilisable N concentration [42] .
The validation of the model shows that there is an overestimation of the quantity of N potentially available at the onset of grain filling [37] which can result from inaccuracies in methods that determine the exogenous N supply using dry matter accumulation.
Prospects for an enhanced grain legume seed filling
As a consequence of the seed N requirement, reallocation of N from the vegetative tissues to seeds during seed filling interacts with the CO 2 assimilation rate. The destruction of the photosynthetic machinery and reexport of the protein content of leaves to growing seeds leads to senescence. As foliar senescence determines the duration of canopy light interception, this determines the end of C accumulation by the seeds and hence seed size.
Increasing the duration of the seed filling period and the amount of N accumulated by seeds may be obtained by delaying foliar senescence. This relies on (i) reducing or optimising N remobilisation during seed filling (see above), (ii) prolonging symbiotic fixation activity during seed growth, (iii) optimising the complementarity between both modes of N acquisition throughout the growth cycle and particularly during seed filling. This is especially true when competition for assimilates and environmental conditions often depress symbiotic fixation and when root exploration of nutrients is insufficient to compensate for the lack of atmospheric N retrieval.
Symbiotic fixation activity during seed filling
Although the maximum symbiotic fixation rate has been proposed to occur at the beginning of seed filling [77] there is a high variability concerning the fixation pattern in peas and fixation maximum can range from the beginning of flowering up to seed filling [4] . The maximum symbiotic fixation rate differs according to the varieties but the duration during which the crop fixes N symbiotically may be rather stable for a given sowing date [12] : delaying the sowing date reduced the duration of the N 2 fixation period while a delayed flowering did not affect N 2 fixation which continued during seed filling [12] .
Modulation of nodule activity during seed filling:
The sink strength of the vegetative organs is strongly reduced when the young reproductive organs are developing and filling seeds constitute an additional sink which has priority for assimilates [33] . The strong demand of seeds for C and N reduces the assimilate supply to the vegetative organs [31, 68] , and induces N remobilisation from the vegetative organs which provokes release of N-soluble compounds in the pholem sap, eventually inhibiting nodule activity [26, 45] . The decline in nitrogenase activity thereafter induces modification of the ratio of amino compounds available to the tricarboxylic cycle which in turn may reduce the glycolytic flow in alfalfa nodules [13] . Hence the tremendous competition for assimilates during seed filling, by way of a N-feedback, severely decreases nodule activity.
Carbon requirements for symbiotic fixation:
Symbiotic fixation needs C for nodule function (morphogenesis and maintenance of the structures, atmospheric N reduction) and the transfer of reduced N as amino compounds towards the shoots [85] . The energy required for these processes comes from current photosynthesis in the form of sucrose [34, 51] . The amount of photosynthetates transferred towards nodules varies according to the species, age and phenology. It represents between 8 and 23% of net photosynthesis [6] . Part of the transferred carbon (about 10% in soybean) is trapped in the nodule biomass and about 20% is incorporated in the carbon skeletons exported via the xylem. The remaining large amount of carbon is oxidised (and results in respiratory CO 2 evolution) to supply energy and reduced components which are necessary for nitrogenase activity, N assimilation and maintenance of the nodules [6] .
Increasing the potential for symbiotic fixation: In order to compensate for a loss of symbiotic fixation activity during seed filling, either the amount of nodules per plant might be enhanced or the duration of symbiotic fixation activity might be prolonged. Dual inoculation involving beneficial free-living soil bacteria, referred to as plant growth promoting rhizobacteria, may exert a beneficial effect upon plant growth. Among them, phosphate-solubilising bacteria (PSB) and Azospirillum species have proven to be useful as biofertilisers for agriculture improvement [20] .
Dual inoculation may imply different mechanisms such as (i) solubilisation of minerals such as phosphorus (using PSB) which would positively affect symbiotic fixation activity, or (ii) causing root physiological changes (using Azospirillum) leading to enhanced mineral and water uptake by inoculated plants [48] . Phosphate-solubilising bacteria increased both P uptake by the plant and crop yield [57] while inoculating legumes with both rhizobia and azospirilla induced an early nodulation, increased the number of nodules, produced higher N 2 fixation rates, and resulted in a general improvement of root development [22, 53] .
Pea nodules have an indeterminate structure [46] and the host's control of the nodule number, via systemic autoregulatory signals, has been confirmed with supernodulating mutants which often share nitrate tolerance: such mutants have a much higher nodule number which is controlled by the shoot genotype [17, 58] except for the nod 3 pea mutant, whose nodule number appears to be regulated by the roots [30] . Increased nodulation events can occur on both primary and secondary roots but in any case they are located on the older root parts which shows that inhibition of nodulation mostly concerns the young root parts [59] . Genetic variability concerning nodule distribution on soybean roots has been reported [10] . Although, in pea, nodulation events increase linearly with time [59] to date there is no report of the relative contribution of primary and secondary root nodulation to the overall N budget of the crop.
Carbon partitioning as affected by an enhanced potential for symbiotic fixation:
In order to analyse the effect of an enhanced potential of symbiotic fixation (through an increase in nodule number) on dry matter accumulation and carbon partitioning, a field experiment was conducted at the INRA experimental station at Dijon (France): both nodulated peas (cv. Frisson), relying exclusively on symbiotic fixation, and a nitrate-tolerant hypernodulating mutant of Frisson (P90) were sown. Symbiotic fixation contribution to total N accumulation was measured using the 15 N isotope dilution method [16, 54] .
As expected, the hypernodulating nitrate-tolerant mutant of Frisson P90 obtained about 82% of N via symbiotic fixation throughout its growth cycle. In contrast, at the beginning of the vegetative growth, Frisson relied on mineral N assimilation but thereafter symbiotic fixation contribution increased, eventually reaching about 90% of total N accumulation during seed filling (Tab. I). As a whole, the total amount of N accumulated was much lower for P90 but its shoot N concentration was similar to Frisson throughout the growth cycle and it was mainly dry matter accumulation which was affected (Fig. 3) . Although during the early vegetative phase similar dry matter accumulation was observed for Frisson and its hypernodulating counterpart P-90, large differences were subsequently observed, especially after the end of the flowering period (Fig. 3) . During seed filling, while Frisson continued to accumulate large amounts of dry matter, mostly invested in its seeds, P-90 dry matter accumulation reached a plateau at about half of the amount of biomass harvested for Frisson at physiological maturity (Fig. 3) . Similar results have been obtained in other pea mutants [30, 58] and where root dry matter accumulation was reduced. Aerial dry matter was also reduced on hypernodulating soybean mutants [79] .
The suggested high carbon cost of symbiotic fixation (including nodule organogenesis and functioning of the symbiosis) was presumably responsible for the large carbon consumption which reduced shoot dry matter accumulation. Thus the synthesis of the associated structure (nodules) or their sustained activity appeared to be detrimental to the carbon budget at the level of the aerial biomass and seed yield. Pea and other legumes subjected to increasing CO 2 atmospheric concentrations have much more nodules [44] and a strong correlation has been found between the presence/absence of nodules on a root segment and the root elongation rate, during the time separating infection and appearance of nodules [73] which suggests that assimilate partitioning and/or availability might be linked to nodule morphogenesis. Hence, carbon partitioning at the level of the whole plant is greatly modified by the enhanced potential for symbiotic fixation and this is presumably related to the costs associated with root and nodule morphogenesis and activity. Labelling experiments under controlled environmental conditions ( 13 CO 2 enrichment of the shoots and 15 N 2 enrichment of the root atmosphere) are helpful in order to relate N fixation activity to carbon assimilation and allocation to different organs. During such labelling experiments a large proportion of the carbon currently assimilated by photosynthesis was observed to be respired by the nodulated roots (Voisin, unpublished results): while at the vegetative stage respiration of nodulated roots represented about 40% of the carbon photosynthetically assimilated (as measured using 13 CO 2 ), it decreased to around 20% at the seed filling period (data not shown). This demonstrates the high respiratory cost associated with morphogenesis (especially during the vegetative period), and maintenance and activity of roots and nodules thereafter. Further analysis of nodulated root respiration curves will permit calculation of the different carbon costs associated with symbiotic fixation for pea. These costs include nodule synthesis and maintenance, and energy requirements directly incurred in the reaction of N 2 reduction [81, 84, 85] .
Increasing the potential for symbiotic fixation throughout the growth cycle, either by the amount of structures involved in that process (the nodules) or by the activity of N reduction, assimilation and export by the nodules, results in a higher consumption of assimilates which affects the shoot to root ratio: eventually dry matter accumulation and yield decrease which is against the primary objective of enhanced N nutrition.
Analysing carbon partitioning in relation to root morphogenesis should give insight regarding the functioning of the root system. Optimising carbon partitioning between root and nodule morphogenesis, in view of their different activities of N retrieval, appears to be an alternative to increasing external N supply during seed filling.
Reaching an efficient complementarity between assimilation and fixation
Mineral N availability in the soil inhibits nodule formation and nitrogenase activity, but a mixed N nutrition regime produces a similar total N accumulation. Increasing the N availability in soil by adding fertilisers leads to the progressive replacement of symbiotic N fixation by root assimilation of soil mineral N [60] , demonstrating the complementary relationship between these modes.
Root uptake of mineral N and symbiotic fixation under optimal conditions
In a field experiment under non-water-limiting conditions (which avoid any water stress), nodulated peas (cv. Frisson) relying exclusively on symbiotic fixation (Frisson-0) or provided (Frisson-250) with a dose of mineral N (250 kg⋅ha -1 ) were sown in order to vary the mode of N accumulation by plants. Numerous harvests of aerial dry matter, whose N content was determined, were carried out throughout the growth cycle, which provided us with a dynamic picture of N acquisition by the crop as a function of time N (Fig. 4) . Throughout the growth cycle peas relying exclusively on symbiotic fixation for N nutrition (Frisson-0) accumulated dry matter with a N content similar to the mineral N treated Frisson (Frisson-250; Fig. 4 ). However dry matter accumulation was significantly lower for Frisson-0 as compared with Frisson-250 before seed filling (Fig. 5) . The addition of 250 kg⋅ha -1 N at sowing favoured the vegetative growth of pea but thereafter Frisson-0 accumulated relatively more N than Frisson-250 and at physiological maturity N contents of the crops were similar (Fig. 5) .
Hence under adequately watered conditions both treatments continued to accumulate N during seed filling and until maturity: the amount of N retrieved during this period represented for Frisson-250 and Frisson-0 about 20 and 40% resp. of the overall N acquisition during the growth cycle (Fig. 4) .
The percentage of N derived from symbiotic fixation was measured dynamically as a function of phenology using the 15 N isotope dilution method [54, 62] and, as control plants, non-nodulating mutants of Frisson supplied with similar amounts of N fertiliser [60] .
For peas relying essentially on seed reserves and symbiotic fixation for N acquisition (Frisson-0), the symbiotic fixation contribution increased progressively eventually reaching about 90% of overall N accumulation during seed filling (Fig. 6 ). Root assimilation of soil mineral N by Frisson-0 remained low during the growth cycle (Fig. 6 ), representing about 40 kg N⋅ha -1 , a value close to the amount of mineral N measured at sowing in the soil ploughed layer, not taking into account N which could have come from mineralisation of soil organic matter. During seed filling, N fixation continued for Frisson-0 at a rate similar to that observed previously during the growth cycle (about 0.3 mg N⋅plant -1 ⋅degree-day -1 ; Fig. 6 ).
On the contrary, the treatment that received mineral N (Frisson-250) relied mostly on root assimilation for its N uptake throughout the growth cycle (Fig. 6) . Dinitrogen fixation was low but increased noticeably at the end of flowering (around 700 degree-days since sowing), stopped until mid-seed filling (i.e. until 1150 degreedays since sowing) and therafter appeared to be enhanced during seed filling. However, during this period N accumulated into the plant through root assimilation decreased slightly (Fig. 6 ). An erroneous quantification of the contribution of symbiotic fixation activity for the two late harvests may have been instrumental in this apparent decrease. The 15 N isotope dilution technique needs the accurate choice of a non-fixing reference plant (in this study a non-nodulating mutant of Frisson, P2), which is supposed to provide realistic estimates of the 15 N abundance resulting from mineral N uptake by the fixing plant. The main hypothesis when using the 15 N isotope dilution technique is that similar spatial and temporal N pools are acquired by the non-fixing and legume crops. A prerequisite is that root explorations and mineral N retrieval activities should be similar for the crops [63] which may not have been the case in our study, especially at the end of the growth cycle.
Nitrogen nutrition during seed filling under stress conditions
Under optimal conditions, root assimilation can compensate for a decreased symbiotic fixation activity (Fig. 6) . Under cropping situations in Mediterranean environments, water stress [24, 65] , pH and salinity [70, 86] or phosphorus limitations [15] usually greatly reduce symbiotic fixation, leaving root assimilation of mineral N as the only remaining exogenous supply of N for seed filling. Either the shallow root system of pea [72] may be improved genetically or N-fertiliser judiciously supplied to the crop, considering its amount, form and period of the growth cycle during which it will be applied [31] .
Genetic variability associated with nodulated root morphogenesis
Increasing root morphogenesis might be obtained genetically: large roots, deeper roots [23] or more fibrous roots would allow an efficient mineral N retrieval together with an increased number of nodulation events [52] . It seems that root growth can continue late during the growth cycle and even up to physiological maturity [3] but otherwise, genotypes could be selected according to their root decay timing in order to prolong as much as possible the nutrient and mineral supply to the crop. It might be postulated that delaying the nodulation of firstformed nodules would allow, through a reduction of C investment toward the benefit of root morphogenesis, a better root system establishment during early growth of the crop while allowing nodulation on deeper secondary roots could influence symbiotic response during drought stresses as deeper nodules would survive better in the case of water shortage [10] .
Root architecture under various N nutrition regimes
Root and nodule morphogenesis and the resulting activities of N retrieval (mineral N from the soil and atmospheric dinitrogen) seems to be under the control of a complex signalling system involving regulation both locally, by soil factors, and systemically, through N feedback mechanisms, in order to adjust the root and nodule development and activities to the nutritional needs of the plants [26] . In particular it is of paramount importance to spatially integrate the mineral N availability in order to study both the negative local effect of NO 3 -on morphogenesis and its systemic effect on N uptake activity.
Although small incorporation of N at sowing can sustain growth until nodules are formed and may stimulate early vegetative dry matter accumulation, seed yield, dry matter accumulation or N content are usually not improved [31] . Starter N is not needed when efficient strains are in the soil [50] . Placement of N at sowing should be deep in order to preclude the inhibition of nodule morphogenesis [31, 76] .
Increasing the supply of combined N in the soil during reproductive development may increase the seed yield and N content without affecting N 2 fixation [31] . When supplied after flowering, N-fertiliser usually decreases symbiotic fixation by about 10 to 20% which is not detrimental to the overall N acquisition by the crop [31] . Methodologically, attempts to increase exogenous N supply by foliar N fertilisation have been made [19] but leaf burning may then occur [78] .
The later N is supplied during reproductive development the better the N retrieval by the plant and transfer to the seeds appears to be [31, 55] . For an efficient Nretrieval activity of the root system, soil water content is crucial, as such water content of the different layers of the soils has to be considered together with mineral N availability.
In a recent field experiment conducted with pea (cv. Baccara) symbiotic fixation was inhibited using various levels of N-fertiliser. Symbiotic N fixation contributed from 80% (0 N treatment supplied with 0 kg⋅ha -1 mineral N) to 35% (200 N treatment supplied with 200 kg⋅ha -1 mineral N) of overall N acquisition (unpublished data). The mode of N nutrition had no significant effect on shoot development, including phenology and yield, hence plants relying on different N nutrition regimes developed similar shoot systems in terms of total biomass and seed yield (C and N). Carbon allocation to roots should not differ with the fertiliser N application and because it has long been suggested that symbiotic fixation has a higher carbon cost than mineral N assimilation (see above) the N nutrition regime was therefore suspected to influence mainly below-ground parts of the plant. Accordingly, soil blocks including the root system of the plants were excavated to determine root biomass along the soil layers throughout the growth cycle.
Except for the beginning of the growth period, root biomass was always significantly more (about 50% larger) both in the 0-20 ( Fig. 7 ; from reference [76] ) and 20-40 cm (data not shown) soil layers for plants that received 200 kg⋅ha -1 mineral N fertiliser at sowing. Hence, root morphogenesis was enhanced by the presence of mineral N in the soil. Presumably additional carbon was made available for root growth from lower respiratory losses associated with symbiotic fixation inhibition.
Besides root biomass, rooting depth and root repartition also affect water and nutrient uptake by nodulated roots. Vertical root exploration, within the soil layers, was analysed (Fig. 8) by counting the number of roots along soil profiles, accessed by digging a trench adjacent to the rows. Maximum rooting depth was similar at midflowering between N treatments and averaged 65 cm. No further increase in rooting depth was observed afterwards by the authors. The profiles showed that the number of roots was largely increased by N availability (Fig. 8) which also allowed roots to grow faster and earlier in the cycle (data not shown).
These results suggest that, at low mineral N availability, the cost of symbiotic fixation establishment and functioning might reduce root morphogenesis while, at high mineral N availability, symbiotic fixation inhibition results in a greater amount of carbon potentially available for root exploration. The latter aspect is a prerequisite for an efficient N and water regime at the end of the cycle under stressful or limiting conditions.
Relationship between nitrate availability and symbiotic fixation activity
Besides the resulting effects of nitrate availability on root morphogenesis, the mechanisms of nitrate inhibition on nodule morphogenesis and activity have been widely investigated [14, 18, 26, 45, 49, 66] . Strong clues have been gained suggesting that the regulation by nitrate of nodule activity could involve a "N-signal" in phloem sap [26, 45, 49, 67] . However there has never been any attempt to quantitatively relate symbiotic fixation activity to mineral N availability in the soil.
In the previous field experiment, the change of mineral N availability in the soil was measured regularly during the growth cycle. A relationship was established between soil N availability and percentage of inhibition of fixation (Fig. 9) [75, 76] . Increasing levels of mineral N in the soil produced a gradual inhibition of symbiotic fixation which was absolute above 3 mol⋅m -3 N. This relationship was valid regardless of either growth stage or treatment, suggesting that mineral N availability strongly and precisely limits symbiotic fixation. Furthermore, it reveals there is a consistent threshold mineral N level that determines when symbiotic fixation will completely cease. This relationship holds late, even during the seed filling stages of the growth cycle under well-watered conditions, but the situation might be quite variable under more stressful conditions.
Consequences of the complementarity between fixation and assimilation on grain legume seed filling
If the accumulation of N by the crop during seed filling is enhanced, either by prolonged symbiotic fixation or by a better complementarity between assimilation and fixation what would happen with respect to the amount and the content of the seed reserves?
Although the level of N nutrition modifies the N concentration of the seeds as previously shown (Fig. 2) , for any given level of N nutrition, the mode of N acquisition by the crop does not influence the nature of the seed proteins or the N content of seeds [43] .
CONCLUSION
Additional work is needed concerning N acquisition during seed filling. It is crucial to consider the complementarity between both modes of N acquisition and the detrimental effect of their decreased activity on either the amount of N devoted to seeds or the extent of remobilisation which ultimately leads to the end of seed filling. Several gaps have already been identified.
Nitrogen remobilisation, which depends upon the activity of N retrieval by roots and nodules, affects carbon acquisition by the crop and may modulate the end of seed filling. Additional work is necessary to elucidate the sequence of N remobilisation and the amount being solicited as a function of both time and phenology. Genetic variability, which might be associated with architectural characteristics, has to be explored further in order to find the molecular basis of differential plant responses to N remobilisation.
Research concerning each mode of N acquisition and the effect of environmental factors is critical. Probably the way to optimise the complementarity between both modes of N acquisition is by analysing the mechanisms governing root architecture in relation to carbon partitioning at the plant level and the soil environment, the level of mineral N availability and its effect on root and nodule morphogenesis and N retrieval activities during the crop growth cycle.
Knowing the regulatory processes responsible for adaptive responses of the root system is essential for enhancing the N balance in the field and for creating and evaluating genotypes with a better efficiency of N retrieval. The objectives are to provide guidance for selection of a type of plant whose characteristics would allow root mineral N assimilation to compensate for declines in symbiotic N 2 fixation during seed filling when nodule functioning is greatly reduced because of water stress or N feedback. 
